Repeated moderate doses of methamphetamine (mAMPH) damage forebrain monoaminergic terminals and nonmonoaminergic cells in somatosensory cortex, and impair performance in a novelty preference task of object recognition (OR). This study aimed to determine whether the memory deficit seen after a neurotoxic mAMPH regimen results from damage to dopamine (DA) and/or serotonin (5-HT) terminals. Animals were given a neurotoxic regimen of mAMPH, p-chloroamphetamine (PCA, preferentially damages 5-HT terminals), damphetamine (d-AMPH, preferentially damages DA terminals), or saline. After 1 week, animals were trained and tested for OR memory. Rats treated with mAMPH showed no recognition memory during the short-term memory (STM) test, whereas both PCA-and d-AMPH-treated rats showed OR STM scores comparable to controls. After behavioral testing, the specificity of monoaminergic lesions was determined by postmortem [
INTRODUCTION
Repeated exposure to moderate-to-high doses of methamphetamine (mAMPH) produces long-term damage to presynaptic dopaminergic and serotonergic terminals in rodents (Wagner et al, 1980; Ricaurte et al, 1980) and in humans (Wilson et al, 1996; McCann et al, 1998) . Additionally, mAMPH produces degeneration of nonmonoaminergic cell bodies in somatosensory cortex (Commins and Seiden, 1986; O'Dell and Marshall, 2000) . The long-term damage to striatal dopaminergic terminals resulting from such mAMPH exposure is well characterized, with the terminal loss greatest in ventral caudate putamen (Eisch et al, 1992) . While the cellular and neurochemical repercussions of these mAMPH dosing regimens have been investigated extensively, less is known concerning the cognitive function of humans and animals following repeated mAMPH administrations.
Cognitive impairments have been reported for current (Simon et al, 2002) and detoxified (Volkow et al, 2001a, b) mAMPH users. Additionally, two separate laboratories have reported that rats are impaired in a novelty preference task of object recognition (OR; Ennaceur and Delacour, 1988) following a regimen of mAMPH, which produces decreases in markers of monoaminergic terminal integrity (Bisagno et al, 2002; Schröder et al, 2003) . However, it is not clear whether the memory impairment seen after mAMPHinduced neurotoxicity is due to damage to the dopaminergic, or serotonergic systems, both, or neither. The objectives of the present study were (1) to replicate the observation that animals given neurotoxic doses of mAMPH show impairments in OR and (2) to investigate whether OR memory depends on the integrity of the dopaminergic and/ or serotonergic system. To this end, neurotoxicity to either dopaminergic or serotonergic terminals was induced using two amphetamine analogues with more specific profiles of damage, p-chloroamphetamine (PCA) and d-amphetamine (d-AMPH). In high doses, d-AMPH damages dopaminergic terminals in the striatum and cell bodies in parietal cortex (Bowyer et al, 1998) , while largely sparing serotonin (5-HT) terminals. By contrast, PCA causes long-term depletions in markers of serotonergic activity (Pletscher et al, 1963; Fuller et al, 1965; Sanders-Bush et al, 1972) and structural alterations in serotonergic neurons (Harvey et al, 1975) while largely sparing dopaminergic terminals. At 1 week after completion of the OR task, animals in all three experiments were euthanized and their brains were processed for [ 125 I]RTI-55 binding autoradiography of dopaminergic and serotonergic transporters as indicators of the integrity of forebrain dopaminergic and serotonergic terminals. Additionally, to assess cortical neuronal injury following exposure to the various drug treatments, a subset of the animals in each of the experiments was euthanized and the brains processed for Fluoro-Jade (F-J) fluorescence histochemistry, a technique developed by and Schmued and Hopkins (2000) that labels degenerating neurons.
MATERIALS AND METHODS

Subjects
Adult male Sprague-Dawley rats (275-300 g) were obtained from Charles River Laboratories (Hollister, CA) and individually housed, with food and water ad libitum, under a standard 12-h light/12-h dark cycle (lights on 0700-1900 h) at a temperature of 221C. The protocol for this research was approved by the Institutional Animal Care and Use Committee of the University of California, Irvine, CA. Acquisition, maintenance, handling, procedures, and care of the animals were in accord with the NIH Guide for the Care and Use of Laboratory Animals (NIH Guide, vol. 25, no. 28, 1996) .
Drug Treatments
Rats were treated with amphetamines in two separate experiments. In Experiment 1, rats were treated subcutaneously with mAMPH (four injections of 4.0 mg/kg, N ¼ 18; three of 21 animals succumbed to complications associated with hyperthermia) or saline (1 ml/kg, N ¼ 13), at 2-h intervals. Animals' rectal temperature was measured 1 h after each injection. In Experiment 2, rats were treated subcutaneously with PCA (one injection of 5 mg/kg, N ¼ 17), d-AMPH sulfate (d-AMPH) (four injections of 5 mg/kg separated by 2 h, N ¼ 20; nine of 29 animals succumbed to complications associated with hyperthermia), or saline (N ¼ 16). Rectal temperatures were checked 1, 3, 5, and 7 h following the single injection of PCA, and 1 h following each injection of d-AMPH. All drug and vehicle injections were administered at a volume of 1 ml/kg. All drug doses were chosen based on their known profiles of neurotoxicity, and are expressed as the free base. All drugs were obtained from Sigma Chemical Company (St Louis, MO).
Behavioral Procedures
At 1 week after saline or drug treatment, the animals were exposed to a novelty preference task of OR (Myhrer, 1988; Mumby and Pinel, 1994; Tang et al, 1999) . The OR task required that the rats recall which of two small objects they had previously been exposed to. The task took place in a Plexiglas open field (40 Â 40 Â 38 cm 3 high), the outside walls of which were covered with contact paper. A 15 W lamp placed 30 cm above the apparatus provided the only illumination in the room. The Familiarization phase was conducted by placing individual rats for 3 min into the field, in which two identical objects (objects A 1 and A 2 ; light bulbs) were positioned in two adjacent corners, 10 cm from the walls (Familiarization phase). In a short-term memory (STM) test given 90 min after familiarization, the rats explored the open field for 3 min in the presence of one familiar (A) and one novel (B; a hook) object. Objects were chosen after determining, in preliminary experiments, that they were equally preferred. Between each trial both the open-field arena and the objects were washed with 95% ethanol solution. All sessions were videotaped, and an experimenter blind to treatment condition analyzed the OR behavior. Exploration was defined as sniffing or touching the object with the nose; sitting on the object was not considered exploration. Object placement was counterbalanced so that half of the animals in each treatment group saw the novel object on the left side (relative to the animal's starting position) of the open-field arena, and the other half saw the novel object on the right side of the arena. The proportion of the total exploration time that the animal spent investigating the novel object was the index of recognition memory for the STM test. An exploration quotient (EQ) calculated for each animal was expressed by the ratio T B /(T A þ T B ) (T A ¼ time spent exploring the object A; T B ¼ time spent exploring the object B). The same formula was applied in order to get an EQ for the Familiarization phase, with numerator assignment dependent on the side of the novel object during the STM test.
Quantification of 5-HT and Dopamine (DA) Transporters
At 24 h after completion of the last behavioral test, the rats were killed, and their brains were removed and frozen at À201C for use in autoradiography. In all, 25-mm-thick coronal sections were cut in a cryostat at the level of the striatum and dorsal hippocampus (HC), and sections were incubated with 21 pM [
125 I]RTI-55 for autoradiographic localization of DA transporters (DAT) in the striatum and 5-HT transporter (SERT) in the HC and perirhinal (pRh) cortex, using the procedures of Boja et al (1992) . DAT binding in these limbic areas (HC and pRH cortex) is quite low, and constitutes a small percentage of the total binding (Tohyama and Takatsuji, 1998; Ritchand et al, 1995; Donnan et al, 1989) . Similarly, 5-HT innervation comprises only about 20% of the striatal dopaminergic input to the striatum (Brownstein and Palkovits, 1984 ]RTI-55 images. The regions were quantified for the left and right sides, and readings were averaged from at least three sections per animal. The HC and pRh cortex were chosen because of their known involvement in tasks of learning and memory including OR (see reviews by Squire and Zola-Morgan, 1991; Brown and Aggleton, 2001 ).
F-J-B Labeling of Cells in Parietal Cortex
For both experiments, a subset of the animals was not exposed to the behavioral task, but was instead killed and perfused 3 days following drug treatment in order to identify degenerating cortical cell bodies following exposure to each of the three amphetamines. Animals were treated with a neurotoxic regimen of mAMPH (N ¼ 6), PCA (N ¼ 5), or d-AMPH (N ¼ 7; two of nine animals succumbed to complications associated with hyperthermia), or they were treated with saline (N ¼ 2). This time point (3 days) was chosen based on the observations that the number of F-J positive (F-J þ ) neurons in the parietal cortex peaked 1-3 days after mAMPH treatment O'Dell and Marshall, 2004) . Rats were deeply anesthetized with sodium pentobarbital, then transcardially perfused with PBS (0.1 M phosphate buffer, pH 7.4 with 0.9% NaCl, 50-60 ml), followed by ice-cold 4% paraformaldehyde in PBS (100-120 ml). The perfused brains were removed and postfixed overnight in cold 4% paraformaldehyde in PBS, and transferred to 30% sucrose in 0.1 M PBS at 41C for 48 h. After cryoprotection in sucrose, 40-mm-thick coronal sections were cut on a freezing microtome and stored in PBS containing sodium azide (1 mg/ml) at 41C until mounted. All sections to be stained were removed from PBS and incubated in distilled water for 10 min before being mounted onto Vectabond-treated glass slides and allowed to air-dry overnight.
Parietal cortex is the only area in which this laboratory has reliably observed cortical cell degeneration following mAMPH administration O'Dell and Marshall, 2004) , although other researchers have obtained evidence of cortical cell degeneration in limbic areas (specifically, piriform cortex, posterolateral cortical amygdaloid nucleus (Bowyer, 2000; Bowyer et al, 2004) and the HC (Schmued and Bowyer, 1997) ). Parietal cortex neurons damaged by mAMPH were visualized by staining with F-J, using the procedures developed by Schmued and Hopkins (2000) . The slides were initially incubated in ethanol (100% ethanol (3 min), 70% ethanol (1 min)) to help reduce background F-J labeling, and then rinsed in distilled water (2 Â 1 min). The slides were then incubated in 0.06% KMnO 4 in distilled water (10 min, with moderate agitation) to intensify the F-J labeling of damaged cells and to further reduce background staining. After a distilled water rinse (2 min), the slides were incubated in 0.001% F-J in 0.1% acetic acid for 20 min. Stained slides were finally rinsed in distilled water (3 Â 1 min), and then dried on a 451C slide warmer under a stream of warm air. Dried slides were briefly dipped in xylene, then coverslipped with Fluoromount. F-J-stained sections were examined by epifluorescence using a mercury-helium lamp with a blue excitation filter set (Nikon, BA-2: excitation filter ¼ 450-490 nm; dichroic mirror ¼ 505 nm; emission filter ¼ 520 nm barrier). Three sections per animal within the region of parietal cortex we have previously found susceptible to mAMPH (PAR1; were examined.
Statistical Analysis
Object recognition EQs between groups were compared using analysis of variance (ANOVA). Within-group comparisons of EQs between the familiarization phase and test session were carried out with paired t-tests. [
125 I]RTI-55 binding results were analyzed by ANOVA. F-J þ cells in parietal cortex were visualized by microscopic examination and counted manually. Data were summed across hemispheres for three sections per animal and reported as total number of labeled cells/animal. Bonferroni correction was used for post hoc treatment group comparisons.
RESULTS
OR Behavior
mAMPH induced impairments in STM for novel objects. Three animals died from hyperthermia due to mAMPH treatments. During the treatments with either mAMPH or saline, the animals' core body temperatures were measured, as described in the Materials and Methods section. Animals treated with mAMPH had significantly higher peak body temperatures (40.570.21C) than did saline-treated controls (38.370.21C; Independent samples t-test, t ¼ 9.885, po0.001). Additionally, mAMPH-treated animals had significantly higher core body temperatures at each of the four 1-h postinjection temperature readings, compared to salineinjected controls (Table 1) . Animals exposed to mAMPH or saline showed no differences 1 week later in the Familiarization phase of the task, with both groups spending equivalent amounts of time exploring the two objects (the sum of time spent investigating objects A 1 and A 2 ) (independent-samples t-test, t ¼ 0.322, p40.05). Additionally, both the mAMPH and saline-treated groups' investigatory behavior of the two identical objects was equivalent, with both groups showing EQs around 50% during the familiarization phase (object A 1 vs object A 2 paired-samples t-test, t ¼ 0.494, p40.05 mAMPH, and t ¼ 0.901, p40.05, saline). These findings indicate that (1) mAMPH treatment does not influence object exploration during the Familiarization phase, and (2) both copies of the object are equivalently preferred.
In the STM test given 90 min later, one of the familiar objects (lightbulb) was replaced by a novel object (hook). A repeated measures ANOVA revealed a significant interaction between the groups on their percent of time spent investigating the objects (EQ scores) at the Familiarization phase compared to the STM test (F (1, 26) ¼ 7.477, p ¼ 0.011). Saline control animals showed a strong preference towards investigating the novel object, indicated by a high EQ on the STM test (Familiarization phase EQ vs STM EQ, paired samples t-test, p ¼ 0.014), whereas mAMPH-treated animals did not, indicating that prior treatment with mAMPH blocked memory retention for the familiar object (Familiarization phase EQ vs STM EQ, paired-samples t-test, p ¼ 0.413) (Figure 1) . Thus, although the groups showed equivalent object exploration during the familiarization phase, the administration of mAMPH produced profound deficits in performance during the STM OR test.
Effects of PCA and d-AMPH on STM for novel objects. Treatment with either PCA or d-AMPH caused a significant increase in the animals' peak body core temperature relative to saline-treated control animals (one-way ANOVA, F (2, 41) ¼ 45.192, po0.001). Additionally, multiple comparisons revealed that each of the groups was significantly different from the others (Bonferroni correction, po0.001 for all group comparisons), with d-AMPH-treated animals having the highest average peak temperature (40.770.61C) relative to PCA-treated (39.570.71C) and saline-treated animals (38.870.31C). Each of the groups' average temperatures across the four temperature readings is shown in Table 1 .
Animals treated with either PCA or d-AMPH showed no differences 1 week later in their overall object exploration times in the Familiarization phase of the OR task, compared to saline controls (one-way ANOVA, F (2, 43) ¼ 1.007, p40.05). Additionally, each of the groups' investigation of the two identical objects was equivalent (paired-samples t-test, PCA: t ¼ 0.0203; d-AMPH: t ¼ 0.649; saline: t ¼ 0.195, p40.05 for all tests).
In this experiment, there was a significant effect of test phase but no treatment by test interactions (3 Â 2 repeated measures ANOVA, F (1, 41) ¼ 36.862, p ¼ 0.000 and F (2, 41) ¼ 0.611, p40.05, respectively). Animals treated with PCA, d-AMPH or saline showed a significant preference for the novel object in the STM session, indicated by a higher EQ at the STM test than during the Familiarization phase (Familiarization phase EQ vs STM EQ, paired-samples t-tests; p ¼ 0.001, 0.002, and 0.009 for PCA, d-AMPH, and saline-treated animals, respectively). These results indicate that exposure to either PCA or d-AMPH did not impair performance on a novelty preference task of OR memory (Figure 2 ).
DAT and SERT Binding
Loss of DAT and SERT binding sites in the brains of mAMPH-treated rats. To assess mAMPH-induced damage to the dopaminergic and serotonergic terminals in diverse areas of the brain, we used autoradiography to quantify radioligand binding to DAT and SERT in the brains of (Figures 3 and 5) . Also apparent from Figure 5 is that mAMPH also induced a loss of SERT binding in other brain regions (eg neocortex).
Loss of SERT and DAT binding sites in the brains of PCAand amphetamine-treated animals, respectively. Animals treated with PCA showed a highly significant loss of RTI binding to serotonergic transporter proteins in the HC (64%; F (2, 41) ¼ 60.034, po0.0001) and pRh cortex (87%; F (2, 41) ¼ 185.803, po0.0001), whereas dopaminergic terminals in nucleus accumbens, as well as dorsal and ventral caudate-putamen were intact (Figures 4 and 5) . As is apparent from Figure 5 , binding to SERT was also affected in other brain regions (eg neocortex). Animals treated with d-AMPH showed highly significant loss of RTI binding to dopaminergic transporters in three subregions of the striatum, the dorsal caudate-putamen (45%; F (2, 41) ¼ 18.829, po0.0001), ventral caudate-putamen (65%; F (2, 41) ¼ 33.426, po0.0001), and to a lesser degree, the nucleus accumbens (25%; F (2, 41) ¼ 5.376, po0.01). However, serotonergic terminals were spared from damage following d-AMPH treatment (Figures 4 and 5) .
F-J-B Labeling of Degenerating Cortical Neurons
In all, 20 animals not used for OR testing were employed to quantify cortical cell degeneration. As the absolute numbers of parietal cortex F-J þ cells were quite variable within the treatment groups, a minimum criterion of 10 F-J þ cells (per three sections examined) was set in order for an animal to be counted as having significant cortical cell degeneration. Using this criterion, 100% of the animals treated with either mAMPH (median number of
þ cell degeneration in the barrel field of the primary somatosensory cortex. By this same criterion, 0% of the PCA-(median ¼ 1, range ¼ 0-2) and saline-treated animals (median ¼ 0, range ¼ 0) showed F-J labeling.
DISCUSSION
In sufficient doses, mAMPH causes long-term damage to DA terminals in the striatum and to forebrain 5-HT terminals, as evidence by long-term depletions in these two neurotransmitters, their synthetic enzymes, metabolites, and plasma membrane transporters (Koda and Gibb, 1973; Hotchkiss and Gibb, 1980; Schmidt et al, 1985; Wagner et al, 1979; Ricaurte et al, 1982; Axt and Molliver, 1991; Friedman et al, 1998; Chapman et al, 2001 ). The mAMPH-induced depletions of DA reverse with a very slow time course (Cass and Manning, 1999) . Additionally, this regimen causes degeneration of neurons in somatosensory cortex (Commins and Seiden, 1986; O'Dell and Marshall, 2000) . The dopaminergic loss has been interpreted as neurotoxicity on the basis of both neurochemical and histological evidence (Koda and Gibb, 1973; Fibiger and McGeer, 1971; Seiden et al, 1975; Ricaurte et al, 1982; Volkow et al, 2001a, b; McCann et al, 1998) , but the issue of whether mAMPH induces DA terminal degeneration has been challenged by studies of mAMPH-treated animals (Harvey et al, 2000) and human mAMPH abusers (Wilson et al, 1996; Volkow et al, 2001a, b) . Whether or not the decreases in markers of DA and 5-HT terminals constitute terminal degeneration or a long-lasting phenotypic downregulation, the focus of the present study was to determine the cognitive consequences of this loss of monoaminergic markers.
The present findings fit into a larger literature concerning long-term behavioral changes after neurotoxic regimens of mAMPH and other amphetamines. Animals show motor impairments in a balance beam and in active avoidance tasks following a neurotoxic regimen of mAMPH (Walsh and Wagner, 1992) . Chapman et al (2001) found impairment in a radial arm maze task of sequential motor learning in rats that were exposed to neurotoxic doses of mAMPH. Friedman et al (1998) report a mild impairment in the acquisition of the Morris Water Maze task of spatial learning, but Schröder et al (2003) reported no impairment in acquisition or retention of this task in mAMPH-treated animals. The current research corroborated findings reported by Bisagno et al (2002) and Schröder et al (2003) that the repeated administration of mAMPH within a single day produces profound deficits in a nonspatial task of recognition memory.
This mAMPH-induced OR impairment could be due to one, or a combination, of the following possibilities: (1) dopaminergic system terminal neurotoxicity, (2) serotonergic system terminal neurotoxicity, (3) cortical cell degeneration, or (4) other effects of mAMPH, some of which may be unknown. The primary purpose of these experiments was to investigate the first two possibilities. Two amphetamine analogues were used that achieve similar acute physiological effects as occur with mAMPH administration (eg increased body core temperature and behavioral activation), but differ in their profiles of CNS neurotoxicity. Animals given a neurotoxic regimen of either PCA (a drug that causes long-lasting depressions in serotonergic, but not dopaminergic terminal markers), or d-AMPH (a drug that causes enduring losses in markers of dopaminergic, but not serotonergic terminals), were unimpaired in the task of OR. Although there is a large body of research investigating the PCA-induced impairments, most of these studies examined behavioral changes immediately after PCA administration (Solana-Figueroa et al, 2002; Archer et al, 1982; Ö gren, 1982) . Ruotsalainen et al (2000) report mild impairments in response inhibition in animals 3 weeks following a neurotoxic regimen of PCA, but no impairment in a 5-choice serial reaction time task of attention. We are unaware of any studies showing lasting memory impairments in animals following 5-HT depletion by PCA.
Another amphetamine analogue, 3,4-methylenedioxymethamphetamine (MDMA), is a popular recreational drug of abuse and, like PCA, has structural similarities to mAMPH and exerts greater neurotoxic effects on serotonergic than to dopaminergic systems (McCann and Ricaurte, 1994; Lyles and Cadet, 2003) . Rats given neurotoxic doses of MDMA were mildly impaired in developing efficient search strategies in a place navigation task (Robinson et al, 1993) . MDMA also produced deficits in a delayed non-match-to-place task in rats (Marston et al, 1999) . Morley et al (2001) report that rats exposed to high (but not low) doses of MDMA showed impairments on the novelty preference OR task. However, it is presently unknown whether neurotoxic damage to 5-HT systems was responsible for the cognitive impairment observed by Morley et al (2001) .
To assess the possibility that the mAMPH-induced OR impairment could be due to the mAMPH-induced damage to cortical cells in somatosensory cortex, fluorescence histochemistry was used to qualify cortical cell degeneration following exposure to mAMPH, PCA, or d-AMPH. PCAtreated animals did not show significant cell loss in this region of cortex, whereas mAMPH and d-AMPH-treated animals did. Behaviorally, mAMPH-treated animals exhibited OR impairments, but both d-AMPH-and PCA-treated animals exhibited no deficits on the task, making it unlikely that injury to cells in somatosensory cortex were responsible for the cognitive impairment.
Administration of mAMPH, PCA, or d-AMPH induces a significant increase in body core temperature. Although we do not assume that hyperthermia by itself is responsible for the mAMPH-induced cognitive impairment, it is possible that a confluence of several mAMPH-induced factors causes impairment in OR behavior, and that one of these responsible events includes an increase in body temperature. However, this possibility appears unlikely because both PCA and d-AMPH raised body core temperature without impairing OR.
The findings reported in this study appear to indicate that damage to either DA or 5-HT alone is insufficient to produce the impairments seen in OR following a neurotoxic mAMPH regimen. However, using other brain lesion approaches, several authors report altered behavioral function following partial, but not complete, damage to brain structures in rodents (Solomon et al, 1983) , nonhuman primates (Meunier et al, 1996; Baxter and Murray, 2001 ) and humans (Mayes et al, 2002) , implying an inverse correlation between lesion size and intact cognitive function. While several theories have been offered to explain this seemingly paradoxical finding, one of the most intriguing hypotheses is that, following incomplete structural lesion, task functions that would otherwise be subsumed by surrounding structures receives competition from remaining yet compromised circuits (see Baxter and Murray, 2001 for a more comprehensive discussion). Given that the PCAand d-AMPH-induced effects on SERT and DAT, respectively, are both greater in magnitude than those observed following mAMPH administration, we cannot exclude the possibility that differences between the relative extents of damage caused by each amphetamine analogue contribute to the distinct behavioral results in the task of OR.
Alternatively, it may be that both the DA and 5-HT systems must be compromised for these cognitive impairments to occur, and it remains to be determined whether damaging both serotonergic and dopaminergic terminals (by combining PCA and d-AMPH, for example) would yield impairments in OR memory. Finally, although much is known about the effects of a neurotoxic mAMPH regimen on monoaminergic terminals, this amphetamine may exact effects on other neural systems, which have not yet been reported, but could play an integral role in the long-term cognitive effects of this drug of abuse. Future studies are needed to explore these possibilities and uncover the reason for the reported memory impairment following mAMPH neurotoxicity. Such studies could provide important information in the treatment of cognitive disorders in the population of stimulant drug abusers.
